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Theoretical and compelling experimental evidence indicates that the interaction between an anion
and an aromatic p system when the anion is directly above the ring face (‘‘g6’’-type anion–p), can be
attractive. This may play an important role in the formation and recognition of biomolecular struc-
tures. We examined high-resolution structures of proteins and nucleic acids for the presence of
‘‘g6’’-type anion–p. Though less frequent than its counterpart cation–p, ‘‘g6’’-type anion–p is
observed unambiguously, occurring in protein/nucleic acid loops and often involving conserved/
coevolving sites in proteins, suggesting it plays an important role in macromolecular folding and
function.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The assembly of biological molecules is guided by weak non-
covalent interactions such as hydrogen bonding, hydrophobic
interactions, ion pairs and p–p stacking [1]. However, a number
of other weak interactions have been reported [2]. Among them,
the interaction between a cation and p systems, known as the cat-
ion–p interaction, has overshadowed the others due to its wide-
spread occurrence in proteins and nucleic acids [3]. In a typical
cation–p pair observed in proteins, positively charged side-chain
atoms, Lys-NZ and Arg-CZ, interact with the p electron cloud on
the face of the side-chain aromatic ring (Phe, Tyr, and Trp). Though
aromatic rings (Phe, Tyr, and Trp) are non-polar (no net permanent
dipole moment), they have quadrupole moments because of the
two opposing dipoles originating from each face [4]. Due to these
quadrupole moments, cations interact with the aromatic face.
While the aromatic face interacts with cations, the ring edges of
the quadrupole have now been observed to interact with Asp and
Glu carboxylates called the anion–p interaction [5]. In general, an-
ions positioned facing the aromatic ring are believed to be unfavor-
able [5]. However, systematic studies involving the crystal
structures of salts of organic molecules, such as pentaﬂuorophenylchemical Societies. Published by E
Chemistry and Biochemistry,
ookings, SD 57007, USA. Fax:
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.rings, have captured anions facing the ring [6]. These studies sug-
gest that changes in electronic behavior (electron withdrawing
ring substitution) can accommodate anions on the ring face. These
ﬁndings have inspired the idea of designing synthetic anion-spe-
ciﬁc transporters to treat chloride channelopathies, or designing
nitrate sensors for monitoring cellular signaling events [7]. To
guide design of synthetic molecules for such applications requires
appropriate theoretical studies [8]. To better understand such an
interaction, we surveyed the existence of anions facing aromatic
rings in biological macromolecules for their abundance of anions
(Asp, Glu, Phosphates). In the structures of pentaﬂuorophenyl salts
[6], the geometry of the observed anion facing the ring plane has
been described as ‘‘g1’’, ‘‘g2’’, ‘‘g3’’ or ‘‘g6’’ based on the anion’s
proximity to a number of the six-membered ring’s carbon atoms,
where ‘‘g6’’ has the anion above the ring center. In this analysis,
we loosely deﬁne the ‘‘g6’’-type of anion–p as occurring whenever
an anion is nearly perpendicular to the ring plain within a speciﬁed
distance d 6 4.5 Å from the ring center and subtending an angle
h 6 15 with the ring normal (Fig. 1a). This distance is at the upper
end of those observed in organic salt crystal structures [6]. We ob-
serve the presence of such interacting pairs in high-resolution
structures of proteins, RNA and RNA–protein complexes, suggest-
ing nature’s utilization of yet another type of non-covalent interac-
tion. We systematically analyze occurrences of ‘‘g6’’-type anion–p
in biological macromolecules and compare these interactions with
cation–p to obtain a better understanding of nature’s design
principles.lsevier B.V. All rights reserved.
(a)
(b)
(c)
Fig. 1. ‘‘g6’’-Type anion–p in biomolecules: (a) cartoons representing the detection criterion (left) and the anions (carboxylate, middle; phosphate, right) discussed in this
study. For all ﬁgures, the aromatic residue carbon atoms are colored purple while the carboxylate carbon atom(s) of the anion are gray (b) Transketolase (pdbid 2r8o) anion–p
(left) and the distribution of the inter-plane angle between the carboxylate and the aromatic ring (right) (c) hydrogen-bonded (left) and non-hydrogen-bonded anion–p
(right).
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2.1. Construction of the dataset
A non-redundant set consisting of 1560 protein single chains
was chosen from Cull-PDB [9]. The sequence identity between
any two chains in this set is 625% and their structures have been
determined with a resolution 61.6 Å and an R factor of 0.25. PDB
ﬁles that have coordinates missing for Asp, Glu, Phe, Trp, Tyr,
Lys, Arg, Asn or Gln residues were eliminated in the construction
of the ﬁnal set, which consisted of 1059 single chains. For evolu-
tionary conservation analysis, another set of PDB chains was con-
structed such that chain sequences belonged to the PFAM [10]
protein domain family. For this set, only 246 PFAM [10] families
provided at least one structure with resolution 61.5 Å and had
more than 300 sequences in the PFAM alignment (after removal
of redundant sequences at 85% sequence identity by CD-Hit
[11]). For analysis of RNA, DNA and RNA/DNA protein complexes,
the sequence information in the coordinate ﬁles of the entire
PDB dataset was scanned for residues A, T, G, C and U. Any coordi-
nate ﬁle with residues A, T, G, C and U was set aside and sequenceinformation was manually checked to make sure the structure con-
tained nucleic acids. The resolution of such structures were not as
high as those of cull-PDB, and our analysis was performed on nu-
cleic acid structures with resolutions 62.5 Å.
2.2. Analysis procedure
The aromatic ring gravity centers of Phe, Tyr and Trp residue
side-chains were determined. The unit vectors normal to these
ring planes were determined (see Supplemental Information for
details). For protein anions, we assumed that Asp, Glu carboxyl-
ate ions are ionized, and the distance, ro, between a carboxylate
oxygen atom and the aromatic ring centers was computed. A
distance cutoff |ro| 6 4.5 Å was used to select anion–p pairs. A
cutoff for the angle h 6 15 between ro and the normal to the
ring was imposed to eliminate anions interacting with the ring
edges. For the nucleic acid phosphates, each of the two non-ester
oxygen atoms was treated as anion, and for the nucleic acid base
ring gravity center only the ring atoms were considered, disre-
garding the amino and the carbonyl oxygen atoms connected
to the nucleobase ring.
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3.1. ‘‘g6’’-Type anion–p geometry
Using the distance-angle criteria (see Section 2), we detected
111 ‘‘g6’’-type anion–p interacting pairs in the dataset. With the
same criterion, we observed 301 cation–p pairs in the dataset, sug-
gesting that ‘‘g6’’-type anion–p interactions are rarer but unam-
biguously present in protein structures. For the ‘‘g6’’-type anion–
p interactions, the observed distances between pairs were as low
as 2.7 Å (Fig. 1b, left) and are comparable to those of the crystal
structures of organic salts [6]. B-factors of the ‘‘g6’’-type anion–p
interacting atoms were well below 20 (Fig. S1a), suggesting
minimal positional ambiguity for these atoms. A distribution of
the angle between the carboxylate ion and the ring plane shows
that co-planarity is preferred (Fig. 1b, right), possibly to maximize
p–p stacking and packing [12]. Even if ‘‘g6’’-type anion–p interac-
tions are considered unfavorable under isolated conditions [5], one
can argue that the anion could be held above the ring plane by
energetic compensation from other interactions involving the rest
of the polypeptide chain. This is difﬁcult to address, due to the
need to break down the complete energetic components of the
entire folded structure. However, we analyzed the possibility of
local polar interactions such as hydrogen bonding or salt-bridges
directly involving the anion that register it above the aromatic
plane (Fig. 1c). Approximately 70% of the ‘‘g6’’-type anion–p car-
boxylates are either hydrogen-bonded or are involved in ion-pairs,
while the remaining 30% are not, suggesting that this interaction(a)
(c)
(
Fig. 2. Features of ‘‘g6’’-type anion–p in biomolecules: (a) distribution of fraction ray len
type anion–p (gray bars). This distribution is compared with that of any carboxylate ion
‘‘g6’’-type anion–p interacting pairs (left, gray bar) and cation–p (right, black bar). (c) ‘‘g
with the oxygen atoms of an (i + 2)th phosphate (gray) anion.pair may not always require compensation. Approximately 60%
of the cation–p pairs in the set are hydrogen-bonded or involved
in ion-pairs, i.e., even attractively interacting pairs are involved
in a network of interactions and the ‘‘g6’’-type anion–p observed
here may be exhibiting similar behavior. The depth distribution
[13] of the atoms involved in ‘‘g6’’-type anion–p and cation–p
pairs (Fig. S1b) suggests that the majority of these are just below
the surface, i.e., they are partially buried and the energetics of
desolvation discussed earlier [4] for cation–p interactions may
similarly be applicable to the ‘‘g6’’-type anion–p interaction.
Packing is often a good descriptor of the environment around an
atom, as packing is inﬂuenced by solvent accessibility, secondary
structure and other factors [14]. Using the occluded surface and
fraction ray length [15], we computed packing in the neighborhood
of this interaction. A smaller fraction ray length indicates better
packing, while a longer ray length indicates the opposite. The dis-
tribution of the fraction ray length of all Asp + Glu pairs in the data-
set is a normal distribution (mean ± S.D. of 0.295 ± 0.049) while
that of Asp + Glu pairs involved in ‘‘g6’’-type anion–p is very sim-
ilar to the that of all Asp + Glu (Fig. 2a, left). This indicates that
packing Asp + Glu carboxylates on the ring face does not compro-
mise packing. The same can also be concluded from the packing
of aromatic residues involved in ‘‘g6’’-type anion–p (data not
shown). As the side-chains of aromatic residues and Asp/Glu tend
to pack better than amino acids with aliphatic carbons [14], the
formation of ‘‘g6’’-type anion–p interactions will result in
well-packed side-chains. In other words, formation of ‘‘g6’’-type
anion–p interactions may favorably contribute to packing.b)
gth, a measure of the residue packing density, of carboxylate ions involved in ‘‘g6’’-
(black line) in the protein structure. (b) Inter-residue sequence separation between
6’’-type anion–p in nucleic acids where the base of the ith nucleotide (purple) pairs
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aromatic residues in the primary structure show that ‘‘g6’’-type
anion–p interactions occur preferentially between positions that
are very close in the sequence, especially between adjacent
residues (i, i + 1) or (i, i  1) (Fig. 2b, left). The ‘‘g6’’-type adjacent
anion–p pairs are usually in regions with loops and turns (see
example Fig. 1c right) and may favorably inﬂuence the local folding
of polypeptide chains [16] (see text of Fig. S1).
3.2. ‘‘g6’’-Type anion–p in nucleic acids
We also examined the existence of ‘‘g6’’-type anion–p in nu-
cleic acids. Similar to proteins, we observed such interactions in
nucleic acid loop/hairpin structures (Fig. 2c). In nucleic acid back-
bones, such as tetraloop hairpins, the base of the ith nucleotide
pairs with the oxygen atoms of the (i + 2)th phosphate anion, form-
ing ‘‘g6’’-type anion–p. The distances of the ‘‘g6’’-type anion–p
interactions in the nucleic backbone cases are often below 3 Å.
While the rest of the phosphate anionic oxygen atoms in the nu-
cleic acid backbone face outward, the ‘‘g6’’-type phosphate anions
(poorly solvated) face inward (Fig. 2c). The solvent accessible sur-
face area of inward (OP2 atom) and outward facing phosphate oxy-
gen atoms are 1.5 Å2 and >20 Å2, respectively, suggesting that the
nucleic acid base may compensate for the energetics of the desolv-
ation of the anion. In many RNA hairpins, even in structures with
low resolutions (P3 Å) (Fig. S2 and associated text), we observed
this interaction between the ith base and the (i + 2)th phosphate
consistent with the interactions observed in high resolution struc-
tures of Escherichia coli 4.5S RNA tetraloops or the hairpin ribo-
zyme stem C loop (Fig. 2c). This suggests that ‘‘g6’’-type anion–p
interactions may be a regular feature of nucleic acid loops. In addi-
tion, in a few low resolution RNA structures, we also observed
‘‘g6’’-type anion–p between the ith base and the (i  1)th phos-
phate oxygen anions (Fig. S2), as well as between distant positions
in the primary sequence.(a)
(b)
Fig. 3. Conservation of ‘‘g6’’-type anion–p in biomolecules: (a) plot of p(D,E) vs p(D,E/W
pfam Glyco_hydro_10 family highlighting the positions involved in ‘‘g6’’-type anion–p (
residues. The secondary structure of this region is shown in blue in Xylanase and is rep3.3. ‘‘g6’’-Type anion–p and residue conservation
We next examined the evolutionary conservation of positions of
interacting pairs in proteins using the relative entropy measure
(Fig. S3). A similar trend in the relative entropy is observed for both
‘‘g6’’-type anion–p and cation–p. The relative entropies of the an-
ions and the aromatic residues involved in ‘‘g6’’-type anion–p and
the respective pairs involved in cation–p seem to be in the inter-
mediate conservation range (Fig. S3) and may suggest that many
of these types of non-covalent interactions can be replaced without
compromising the stability of the fold. It is important to note that
there is a strong co-evolving trend, i.e., a tendency to retain the
partner residue when one of the pairing residues is retained in a
protein family (Fig. 3a). This trend is similar for both ‘‘g6’’-type an-
ion–p and cation–p. For example, in the Xylanase structures (pfam
Glyco_hydro_10 family), the frequency of the catalytic nucleophile
Glu, Asp (Glu241 in pdbid 2q8x, Glu236 in 1e0w) in the alignment
column is p(E,D) = 0.591. The frequency Glu, Asp (conditional prob-
ability) in a subset of sequences of this family that all have either
Trp or Tyr or Phe at the alignment position corresponding to the
Trp291 in 2q8x or Trp266 in 1e0w, has the probability p(E,D/
WYF) = 0.996 (Fig. 3a and b). The plot of p(E,D) vs p(E,D/WYF)
shows that nearly all of the (x, y) points are above the y = x line
(Fig. 3a), and the same is true for the plot of p(W,Y,F) vs p(W,Y,F/
ED), suggesting that natural selection favors conservation of such
interacting pairs. In the Xylanase example above, structures of a
number of enzymes of the family show that in all cases the cata-
lytic nucleophilic carboxylate is held above the aromatic plane,
suggesting that a speciﬁc orientation (anti to the endocyclic O5–
C1 bond [17]) may be necessary for the hydolysis of the substrate
glycosidic linkage. Similarly, Lactococcus lactis branched-chain keto
acid decarboxylase (KdcA) (pfam TPP_enzyme_N family) catalytic
loop residue Asp26 [18] is involved in an ‘‘g6’’-type anion–p inter-
action with the adjacent Tyr27 with p(D,E) = 0.25 and p(D,E/
WYF) = 0.892 at position Asp26 (2vbf) (Fig. S3 and the associatedYF) (see text) (left) and p(R,K) vs p(R,K/WYF). (b) Sequence logo of a segment of the
left) and the structure of Xylanase (2q8xB) (right) showing the ‘‘g6’’-type anion–p
resented below the sequence logo (left) (also see Fig. S3 and associated text).
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clude enzyme catalytic sites. This may suggest that the supporting
role of the ‘‘g6’’-type anion–p interaction is in orienting catalytic
residues, and could be useful in the design of artiﬁcial enzymes
that require grafting catalytic residues onto a stable protein scaf-
fold [19].
3.4. ‘‘g6’’-Type anion–p at interfaces
Though no extensive analysis of interfaces is carried out here,
we discuss a few interfaces, speciﬁcally those involving RNA-pro-
tein interactions corresponding to crucial biological processes
(Fig. 4). The RRM (RNA recognition motif) of the U1A protein binds
to U1 snRNA hairpin II. The structure of the complex reveals that
RRM Asp92 stacks in parallel on the Cyt12 residue of the hairpin
loop, [20] forming an ‘‘g6’’-type anion–p. The same feature is ob-
served in the structure of the RRM of U2B’’ bound to hairpin IV
of U2 snRNP (Fig. 4). U2B’’ Asp92 stacks on Guanine12 of the hair-
pin loop of U2 and this arrangement seems to be a conserved fea-
ture of spliceosomal RNA hairpins involving a continuous stack of
four planes of Phe56, A11, C/G12 and Asp92-carboxylates, in which
the two amino acid side chains appear to hold the interior stacked
bases like clamps at either end [21]. Next we discuss the interac-
tion between tRNA and two distinctly different b-barrel domains.
These barrels are the elongation factor isomerase (EI) type of b-bar-
rel in EF-Tu (elongation factor Tu) and the L25-like barrel in amino
acyl-tRNA synthetase (aaRS) that binds tRNA. EF-Tu, in constrast toFig. 4. ‘‘g6’’-Type anion–p in interfaces: RRM (split-pea green, 1a9n) of U2B00 (spliceosom
(split-pea green, 1b23) in complex with the acceptor arm of Phe-tRNAPhe (green, top right
the anticodon arm of Gln-tRNAGln (green, bottom left), Syntenin tandem PDZ (green, 1obxaaRS, forms complexes with all aa-tRNAs. Hence, EF-Tu recognizes
common features of tRNA including the 50 CCA-OH acceptor arm
[22]. The terminal 50-A of the Phe-tRNAPhe acceptor arm stacks
against Glu271 of the center b-barrel domain of Thermus acquaticus
EF-Tu (Fig. 4). This Glu residue is conserved in the sequences of
Homo sapiens, Saccharomyces cerevisiae, E. coli, Bacillus subtilis, Sulf-
olobus solfataricus, Haloarcula marismortui, and T. aquaticus EF-Tu
[23]. This interaction is also observed in the structure of E. coli
Cys-tRNACys complexed to EF-Tu [23]. The b-barrel domain of
Gln-RS speciﬁcally recognizes the anticodon loop of Gln-tRNAGln,
enabling Gln-RS to discriminate between cognate and non-cognate
tRNAs [24]. The three Gln-tRNA anticodon bases (CUG) are aligned
in different directions to ﬁt into base-speciﬁc pockets [24]. Glu519
stacks onto U35 in the U35 base-speciﬁc pocket. The U35 pocket is
thought to be the tightest among the three pockets [24], and pack-
ing of the carboxylate ion onto the U35 face may be equally impor-
tant to the interpretation of the genetic code. A BLAST search (20
iterations, e value cutoff 60.001 and alignment coverage P60%)
with the sequence of this domain shows that more that 60% of
the retrieved sequences have Glu/Asp residues corresponding to
the position of Glu519 in Gln-RS, suggesting strong preference
for the anion in the U35 pocket. Other examples of interfacial
‘‘g6’’-type anion–p are provided in the Supplemental Information
(Fig. S4).
Aromatic residues have long been known for their functional
versatility (Fig. S6). With the examples described above, it is clear
that the number of versatile functions for aromatic residues inal machinary) in complex with U2 snRNA (green, top left), EF_TU b-barrel domain
), Glutamyl tRNA synthetase b-barrel domain (split-pea green, 1gtr) in complex with
) in complex with IL5Ra (orange, bottom right) (also see Fig. S4 and associated text).
S. Chakravarty et al. / FEBS Letters 586 (2012) 4180–4185 4185macromolecules is increasing. However, in the absence of point
mutation studies, the energetics of the ‘‘g6’’-type anion–p interac-
tion remain to be studied in the future, in a manner similar to
experiments performed with cation–p interactions in globular pro-
teins [25]. It is encouraging to note that in a number of examples
the protein sequence positions involved in ‘‘g6’’-type anion–p are
not only conserved, but the interacting pairs also show co-evolving
trends suggesting a possible energetic or functional coupling be-
tween these positions [26]. This co-evolution is similar to that of
cation–p interactions, the energetics of which are detailed by isos-
tearic point mutations in globular proteins that are suggested, on
average, to have stabilizing effects [25]. Similarly, one may expect
to ﬁnd that ‘‘g6’’-type anion–p interactions have stabilizing effects
on average, although these interactions may be very weak. Lastly,
it is interesting to note that even in the absence of highly elec-
tron-withdrawing groups in the aromatic ring we observe ‘‘g6’’-
type anion–p in macromolecules, even contributing to crucial bio-
molecular recognition. This suggests that we still lack a compre-
hensive picture of the nature of weak molecular interactions, and
this study provides an impetus for the development of appropriate
chemistry theory to accommodate these weak molecular interac-
tions and their application in molecular design.
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